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Abstract

The objective of the present study is to optimise the removal of metals such as aluminium, zinc, and copper from industrial
wastewater using green-synthesised nanoadsorbents. To achieve this, the Box—Behnken experimental design and response
surface methodology will be employed. We used inductively coupled plasma mass spectrometry to analyse the metals present
in the wastewater. A three-factor, three-stage Box—Behnken design was used to maximise the removal of these metals from
aqueous solution. This involved response surface modelling and quadratic programming based on 17 different experimental
data from a batch study. The study focused on three independent variables: pH, contact time, and adsorbent amount. The
nanoadsorbents were prepared using a combination of Citrus X sinensis peel and Musa Cavendish peel extract, which served
as the reducing agents, to produce a combined peel extract-silver nanoparticle product. Field emission scanning electron
microscopy imaging and UV-visible spectroscopic analysis unequivocally demonstrated the presence of nanoparticles, with a
surface plasmon resonance at 438 nm. The optimal values of the selected variables were determined by solving the quadratic
regression model and analysing the contour plots of the reaction surface. At the experimental conditions of pH =15, contact
time=92.5 min, and adsorbent dosage=0.1 g/L, the recovery efficiency of Al, Cu, and Zn was significantly reduced. The
optimised parameters were successfully applied to wastewater collected, and the degradation of detected metal ions was
tested. The experiment demonstrated an effective reduction in these metals.

Keywords Box-Behnken method - RSM analysis - Silver nanoparticles - Wastewater treatment - Pollutants

Introduction power lines and coatings, agriculture, and fuel combustion.

The presence of a multitude of toxic inorganic and organic

The conservation of clean and fresh water is a significant
global concern, and therefore, it is of paramount importance
to treat wastewater for reuse. Wastewater frequently contains
contaminants that, if released into the water without treat-
ment, can contaminate the water and infect aquatic organ-
isms (Roy et al. 2019). Abdolalian and Taghavijeloudar 2022
posit that there are two primary sources of wastewater con-
tamination: (i) Natural phenomena, including volcanic activ-
ity, soil erosion, and rock weathering; and (ii) human activi-
ties, such as mining, landfill operations, municipal runoff,
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contaminants in wastewater from various sources, including
agricultural, industrial, and domestic sectors, poses a sig-
nificant threat to the environment and human health. These
contaminants include heavy metals, excess nutrients, and
pigments (Akpomie et al. 2022). Among the heavy metals
(potentially toxic elements or PTEs) and metalloids, PTE
belongs to the group of trace elements with different densi-
ties. The following elements are among the most prevalent
in the list: copper (Cu), mercury (Hg), cadmium (Cd), zinc
(Zn), tin (Sn), iron (Fe), lead (Pb), silver (Ag), manganese
(Mn), chromium (Cr), cobalt (Co), arsenic (As), aluminium
(Al), and nickel (Ni) waste (Kulal and Badalamoole 2020),
(Obayomi et al. 2021). Consequently, these substances
enter the human food chain and exert a deleterious effect
on human health. The current focus is on the development
of cost-effective adsorbents derived from readily accessible
and inexpensive natural resources, including fruit peel, rice
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husks, wheat straw, coconut and coffee waste, shells, mud,
sugarcane bagasse, peat, agricultural waste, and household.
Orange residue is a type of citrus fruit residue made up of
peel and pulp (the juice-screening fraction), cellulose, pectin
(galacturonic acid), hemicelluloses, lignin, chlorophyll pig-
ments, and other low molecular weight substances, such as
limonene, make up the majority of it (Pechyen et al. 2021;
Podurets et al. 2022).The usage of orange peels in adsorp-
tion processes is known from the literature to be an agro-
industrial by-product having adsorptive qualities (Premku-
mar et al. 2018; Roy et al. 2019). Bananas (Musa Cavendish)
constitute a further fruit that is widely available on the mar-
ket. The banana peel, which is typically discarded as general
waste in landfill, remains behind since the banana itself is
usually consumed or used to make other culinary products
(Sanakousar et al. 2022). The potential use of banana peel
as a functional component or preservative agent in the food
industry has been suggested in the light of the recent discov-
ery that it possesses significant antioxidant and antibacte-
rial capabilities (Singh et al. 2023). Banana peel is naturally
abundant in polymers including pectin and hemicellulose,
and it was employed in the synthesis of AgNPs (Tan et al.
2021). Real-world analytical studies were conducted using
wastewater that was gathered from Chengalpattu district,
Tamil Nadu, India.

The present paper offers an in-depth examination of
the wastewater research on an array of fruit peel-induced
nanomaterials for sustainable wastewater management. It is
intended to provide a valuable resource for the scientific and
engineering communities engaged in wastewater research
and treatment. Also, this research proposes the valorisa-
tion of agro-industrial biowaste offers significant potential
benefits when considered in the context of the fundamental
principles of green chemistry, the circular economy, nexus
thinking, sustainability, and zero-cost and zero-waste manu-
facturing approaches.

Methodology
Synthesis of silver nanoparticles

The dried peels were ground to a powder. Aqueous extracts
of each sample were prepared by adding water to the pow-
der at a ratio of 10:1 (w:v). To inactivate the enzymes, the
mixtures were immediately heated at 100 °C for 10 min.
The mixtures were filtered through Whatman #1 filter paper,
and the supernatants were saved for use in the preparation
of AgNPs. Subsequently, 10 ml of plant extract and 90 ml
of 1 mM silver nitrate (AgNO;) solution were mixed in a
flask for the preparation of AgNP. A stable dark colour was
obtained after 24 h of storage at room temperature and in
the dark. pH is adjusted by adding suitable concentration of
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NaOH (0.1 M) in the prepared solutions in different coni-
cal flasks. Nanoparticle drying is employed to enhance their
stability, particularly for long-term storage. The produced
nanoparticles are kept in 2—8 °C for storage and future use.

Characterisation of nanoparticles

The AgNPs were characterised by a UV-vis spectropho-
tometer (GENESYS 10 s) for peak absorbance and surface
plasmon resonance wavelength. The shape and morphology
of prepared nanoparticles were obtained by FESEM. Particle
size is calculated with the FESEM images.

Wastewater collection

Wastewater for the analysis was collected from Chen-
galpattu district, Tamil Nadu, India. A 7500 inductively
coupled plasma mass spectrometer (ICPMS) was used
to find the metal concentration present in the wastewater
(APHA3"edition2017). Using Box—Behnken method, an
experimental design was produced to analyse metals like
Al, Cu, and Zn as an initial sample experiment for optimis-
ing parameters.

Removal efficiency

The removal of metals was investigated by adding different
adsorbent dosages of different pHs for definite time interval.
Removal efficiency is calculated using given equation

. Ao - At
Removal efficiency (% ) = — X 100% 6))

0

where A is the initial metal concentration, and 4, is the final
metal concentration.

Experimental design

A three-level Box—Behnken experimental design along
with response surface modelling and quadratic program-
ming were used to identify the ideal conditions for max-
imising the adsorption of metals by combined peel extract
generated silver nanoparticles. A Box—Behnken design
was employed in single-factor experiments to determine
the effects of pH, contact time, and adsorbent quantity on
the adsorption of metals on to nanoparticles. RSM fur-
nished a final equation in terms of actual factors. Regres-
sion analysis was used to fit an experimental dataset with
a second-order polynomial model. Using Design-Expert
software, RSM and data analysis were performed. In
Erlenmeyer flasks, all adsorption studies were carried out
with synthetic contact period (10-180 min), and adsorbent
mass (0.1-1 g) were investigated. Filtration was used to
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remove the adsorbent from the samples, and then ICPMS
was used to analyse the filtrate. The experiment's design
is presented in Table 1 together with the initial param-
eters for the metals Al, Zn, and Cu. The pH range of 5-8
has been selected for study because it encompasses the
acidic and basic natures of the interaction between silver
nanoparticles.

Result and discussion
Synthesis of silver nanoparticles

Figure 1 shows the result from the reduction of CPE dur-
ing the production of AgNPs. Nanoparticle production is
indicated by a yellowish to brown colour change in the
solution. Numerous researches have revealed conclu-
sions that are similar to the colour change of solution to
dark brown which confirm the presence of nanoparticles
(Waghchaure et al. 2022). According to Waseem et al.
2023, the reduction of aqueous Ag+ions into AgNPs and
SPR caused the change in colour.

Table 1 Variable conditions of independent parameters for the exper-
iment

Variables Coded levels

-1 0 1
pH 5 6.5 8
Adsorbent dosage g/mL 1 .55 1
Contact time (min) 5 92.5 180

e ———

BN {:\‘\\“!'\

Characterisation analysis

The microstructure of combined peel extract-induced silver
nanoparticles was examined using the FESEM instrument.
Figure 2 depicts the shape of the nanoparticle conditions for
CPE-AgNPs. The microstructure is in a spherical scattered
structure, as demonstrated by the FESEM study. The CPE-
AgNPs surface has particles that are present in small sizes
with good particle dispersion, which significantly increases
the CPE-AgNPs effective surface area. According to the
FESEM micrograph, the particles were made up of grains
with diameters of 37.9 nm, both coarse and fine. The homo-
geneity, form, and small size particles present in the CPE
biosorbent were validated by SEM examination (Huo et al.
2023). UV-visible spectra exhibited a peak absorbance and
SPR wavelength at 438 nm in Fig. 2. Huo et al. (2023) con-
firmed the presence of SPR resonance in the same region.

Wastewater analysis

The collected wastewater was analysed, and metal contents
are traced in Table 2. The analysis showed that the metals
mainly aluminium, copper and zinc are showing desirable
quantity in per litre of water. To optimise the parameters,
initial experiments were done with these three metals sepa-
rately using RSM analysis.

Model evaluation and optimisation

RSM with a Box—Behnken design and ANOVA was used for
adsorption on CPE-AgNPs. The conditions and the results
of metal adsorption are shown in Table 3, respectively. The
Model F-value of Al (474.77), Cu (252.78), and Zn (173.36)
implies that the model is significant. There is only a 0.01%

Fig. 1 Change of colour of CPE-AgNOj solution after formation nanoparticles
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Fig.2 FESEM images of prepared CPE-AgNPs and UV-vis spectra of CPE-AgNPs

Table 2 Metal detection in collected wastewater before treatment

SL. no. Test parameters Results (mg/L)
1 Silver (Ag) BDL(DL:.001)
2 Aluminium (Al) 0.675
3 Arsenic (As) BDL(DL:.001)
4 Boron (B) 0.132
5 Barium (Ba) 0.270
6 Cadmium (Cd) BDL(DL:.001)
7 Cobalt (Co) BDL(DL:.001)
8 Chromium (Cr) 0.010
9 Copper (Cu) 0.278
10 Manganese (Mn) 0.057
11 Nickel (Ni) 0.020
12 Lead (Pb) 0.029
13 Selenium (Se) BDL(DL:.001)
14 Zinc (Zn) 0.519
15 Molybdenum (Mo) BDL(DL:.001)
16 Antimony (Sb) BDL(DL:.001)
17 Uranium (U) BDL(DL:.001)

chance that a F-value this large could occur due to noise.
P-values less than 0.0500 indicate model terms are signifi-
cant (Berkani et al. 2020). In this case B, C, AB, AC, BC,
A2, B, and C? are significant model terms. Because the
model coefficient (R?) for Al (0.9984), Cu (0.9996), and Zn
(0.9955), it can be said that 99.84% for Al, 99.96% for Cu,
and 99.55% for Zn of the model-predicted values matched
the experimental values on nano-adsorption by synthesised
CPE-AgNPs as shown in Table 4. For aluminium adsorp-
tion, the Lack of Fit F-value of 123.24 implies the Lack of
Fit is significant. There is only a 0.02% chance that a Lack
of Fit F-value this large could occur due to noise. For copper
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adsorption, the Lack of Fit F-value of 6.77 implies the Lack
of Fit is significant. There is only a 4.79% chance that a Lack
of Fit F-value this large could occur due to noise. And for
zinc adsorption, the Lack of Fit F-value of 44.68 implies the
Lack of Fit is significant. There is only a 0.16% chance that
a Lack of Fit F-value this large could occur due to noise, but
Box—Behnken designs are not an optimal choice when the
objective is to elicit responses at the extremes.
For aluminium,

f =0.0917 — 0.00084 + 0.0048B + 0.0118C — 0.0083AB
— 0.0053AC + 0.0082BC — 0.01794% — 0.0166B% — 0.0173C>
)

For copper,

f =0.0917 — 0.0007A + 0.0060B + 0.0123C — 0.0065AB
— 0.0050AC + 0.0095BC — 0.01934% — 0.0164B% — 0.0164C>
3

For zinc,

f =0.0831 — 0.0006A + 0.0040B + 0.0121C — 0.0065AB

— 0.0048AC + 0.0125BC — 0.01934% — 0.0155B% — 0.0150C>
(€]

Response surface methodology (RSM) analysis

Two-dimensional (2D) contour plots and three-dimensional
(3D) response surface graphs were made because they are
useful in determining maximum, minimum, and middle
response points. With contour plots Fig. 3, the levels of the
variables can be determined and also contribute to a desired
response (Pambi and Musonge 2016, Mohamad et al. 2019).
In addition, the variable levels are plotted in a curve with
equal response. Because of these reasons, contour plots are
easier to interpret. Figures 4, 5, 6, and 7 show the effect of
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Table 3 Experimental and predicted values of aluminium, copper and zinc adsorption on CPE-AgNPs
Factor 1 Factor 2 Factor 3 Response Al (g/mL) Response Cu (g/mL) Response Zn (g/mL)
Run pH Contact time Adsorbent  Actual value Predicted value Actual value Predicted value Actual value Predicted value
(min) amount (g/
ml)
1 6.5 5 0.1 0.0509 0.0494 0.0507 0.0494 0.0507 0.0507
2 6.5 180 0.1 0.0423 0.0427 0.0428 0.0427 0.0428 0.0426
3 5 180 0.55 0.0713 0.0704 0.0703 0.0704 0.0703 0.0704
4 8 92.5 0.1 0.0494 0.0500 0.0486 0.0500 0.0486 0.0487
5 5 92.5 0.1 0.0389 0.0395 0.0387 0.0395 0.0387 0.0388
6 8 5 0.55 0.0598 0.0607 0.0595 0.0607 0.0595 0.0594
7 6.5 92.5 0.55 0.0917 0.0917 0.0918 0.0917 0.0918 0.0918
8 6.5 92.5 0.55 0.0920 0.0917 0.0917 0.0917 0.0917 0.0918
9 5 5 0.55 0.0432 0.0442 0.0443 0.0442 0.0443 0.0442
10 65 92.5 0.55 0.0916 0.0917 0.0917 0.0917 0.0917 0.0918
11 6.5 92.5 0.55 0.0917 0.0917 0.0916 0.0917 0.0916 0.0918
12 6.5 180 1 0.0810 0.0825 0.0862 0.0825 0.0862 0.0864
13 8 180 0.55 0.0547 0.0537 0.0548 0.0537 0.0548 0.0549
14 65 5 1 0.0570 0.0566 0.0561 0.0566 0.0561 0.0563
15 8 92.5 1 0.0636 0.0630 0.0507 0.0630 0.0633 0.0507
16 65 92.5 0.55 0.0916 0.0917 0.0428 0.0917 0.0915 0.0426
17 5 92.5 1 0.0742 0.0736 0.0703 0.0736 0.0735 0.0704

pH and contact time on aluminium, copper, and zinc adsorp-
tion by CPE-AgNPs. The adsorbed copper amount increased
with an increase in pH until it reaches a plateau at 5, indicat-
ing that there are further improvements for metal levels. At
the same time, contact time has important effects on metal’s
adsorption on the adsorbent. As a result, the impact of pH
on the metal adsorption level was more significant than of
contact time. The optimised parameters of this experiment
which we obtained is pH =3, contact time is 92.5 min, and
adsorbent dosage is 0.1 g.

Analytical application to real sample

The analytical applicability of a new adsorbent was tested
for the removal of these metals from wastewater samples
obtained from Chengalpattu district, Tamil Nadu, India.
The developed analytical method uses the Box—Behnken
experimental design in combination with the response sur-
face modelling (RSM) and quadratic programming. An
effective and eco-friendly adsorbent, the CPE-AgNPs was
applied to various real samples. Adsorption is defined as
a chemical process which involves the removal of pollut-
ants from wastewater by the trapping of these pollutants
in the pore structure of an adsorbent material. The process
is widely utilised in wastewater treatment due to its sim-
plicity, efficiency, and cost-effectiveness. The adsorbent,
comprising silver nanoparticles (AgNPs), is a crucial com-
ponent of the adsorption process. Adsorptive materials

can capture pollutant molecules on their surface and pos-
sess porosity and insolubility in water. The pollutants, or
adsorbates, that are removed from wastewater are referred
to as the adsorbate. Adsorbent dosage of 0.1 g with differ-
ent pH was prepared. The solutions were agitated with 0.1 g
of CPE-AgNPs at a shaking speed of about 150 rpm for
92.5 min. The results in Fig. 8 clearly show the efficiency of
CPE-AgNPs for the removal of these ions from wastewater
with optimised parameter obtained using the standard addi-
tions method. The efficiency of the adsorption is calculated
(Eq. 1) for each pH (Tables 5, 6), and a bar chart is plot-
ted for each metals as shown in Fig. 8. Silver nanoparticles
(AgNPs) have the capacity to adsorb a range of substances
through a number of mechanisms, including electrostatic
adsorption, agglomeration precipitation, oxidation and sul-
furisation, ion exchange, and weak interaction. Electrostatic
adsorption is the attraction of charged particles or molecules
to a surface with an opposite charge due to electrostatic
interaction. Agglomeration describes the process of parti-
cles colliding and sticking together to form larger particles.
Oxidation is the addition of oxygen to a substance or the loss
of electrons from one element and the gain of electrons by
another. Oxidation and reduction reactions occur concur-
rently in chemical reactions. Ion exchange systems remove
dissolved ions from aqueous systems using ion exchangers.
Lung et al. (2018) studied removal of Pb and Cd from aque-
ous solution with maximum monolayer adsorption capacity
(qmay) Of 13.50 mg ¢ ' and 12.03 mg g~ for the two metal
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Pure Error
Cor Total

<0.0001 0.4662

<0.0001

0.0009 43,470.58

16  0.0062

ions, with banana peel as nanoadsorbent for heavy metals
using the batch adsorption technique and obtained about
99% removal percentage for Pb.

Conclusion

This study explores the CPE-AgNPs as a new, effective, and
inexpensive adsorbent and an alternative to costly adsor-
bents for the removal of metal ions (Al, Cu, and Zn) from
wastewater solutions. A batch experimental system was
used to investigate the feasibility of this naturally synthe-
sised nanoadsorbent as a possible adsorbent for these metals
from the aqueous medium by using the response surface
methodological (RSM) and Box—Behnken design approach.
The results prove that this method is an efficient technique
for studying the influence of major process parameters
on response factor by significantly reducing the number
of experiments and hence providing optimum conditions.
CPE-AgNPs was found suitable for removal of aluminium,
copper, and zinc from aqueous solution. The CPE-AgNPs is
low cost and eco-friendly with high sorption capacity val-
ues that are considered among the main advantages. This
adsorbent has been shown to have comparable performance
with commercial levels. SEM and UV-visible analysis con-
firmed the presence of nanoparticles with SPR resonance at
438 nm. SEM micrographs were analysed before and after
adsorption. With response surface methodology, parameters
are optimised and analysed in real-world experiments. The
parameters optimised showed an average of eighty percent-
age good adsorption efficiency. Nevertheless, the threat
of nanoparticles being released into the environment and
their toxicity to aquatic and terrestrial and terrestrial bio-
logical systems at low concentrations are well understood
with recent research. Furthermore, the applications of silver
nanoparticles in dye effluent treatment technologies require
full risk assessments and environmental health and safety
studies are also limited. It is therefore crucial to assess the
toxicity of silver nanoparticles and the risks associated with
the use of application of silver nanoparticles in dye effluent
treatment. Research on in vivo immunotoxicity, the influence
of nanomaterial shape on toxicity and the detailed study of
the adsorption kinetics of silver nanoparticles on different
biological macromolecules are still in their infancy.
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Fig.3 Contour plots for
adsorption of Al, Cu, and Zn on
CPE-AgNPs
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Fig.4 3D surface graphs of aluminium adsorption and predicted plots
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Fig.6 Response surface graphs of copper adsorption and predicted plots
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Fig. 7 Response surface graphs of zinc adsorption and predicted plots
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Table 5 Metal analysis after the treatment with nanoparticles using
ICPMS

pH
5 6 8
Al (Control-.675) 0.161 0.233 0.193
Cu (Control-.278) 0.047 0.039 0.050
Zn (Control-.519) 0.095 0.102 0.129
Table 6 Calculated efficiency of pH
different metals after adsorption
5 6 8
Al 76.1% 6548% 71.40%
Cu 83.09% 859% 82.01%
Zn  82% 80.03% 75.14%
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